Peripheral platelet counts decrease after partial hepatectomy; however, the implications of this phenomenon are unclear. We assessed if the observed decrease in platelet counts was associated with postoperative liver function and morbidity (complications grade ≤ II according to the Clavien-Dindo classification). We enrolled 216 consecutive patients who underwent partial hepatectomy for primary liver cancers, metastatic liver cancers, benign tumors, and donor hepatectomy. We classified patients as either low or high platelet percentage (postoperative platelet count/preoperative platelet count) using the optimal cutoff value calculated by a receiver operating characteristic (ROC) curve analysis, and analyzed risk factors for delayed liver functional recovery and morbidity after hepatectomy. Delayed liver function recovery and morbidity were significantly correlated with the lowest value of platelet percentage based on ROC analysis. Using a cutoff value of 60% acquired by ROC analysis, univariate and multivariate analysis determined that postoperative lowest platelet percentage ≤ 60% was identified as an independent risk factor of delayed liver function recovery (odds ratio (OR) 6.85; P < 0.01) and morbidity (OR, 4.90; P < 0.01). Furthermore, patients with the lowest platelet percentage ≤ 60% had decreased postoperative prothrombin time ratio and serum albumin level and increased serum bilirubin level when compared with patients with platelet percentage ≥ 61%. A greater than 40% decrease in platelet count after partial hepatectomy was an independent risk factor for delayed liver function recovery and postoperative morbidity. In conclusion, the decrease in platelet counts is an early marker to predict the liver function recovery and complications after hepatectomy.
Introduction
Technical improvements in liver surgery have resulted in an expansion of the indications for hepatectomies, especially in high-risk patients with underlying conditions including liver fibrosis, steatosis, and chemotherapyinduced injury (Belghiti et al. 2000) . However, the risks of postoperative liver failure and grim outcomes remain an important concern. Although the Child-Pugh score is a useful clinical criterion for evaluating preoperative liver function, it often does not accurately predict the postoperative outcome (Nagashima et al. 2005) . Balzan et al. (2005) described the "50-50 criteria," namely a serum bilirubin (Bil) > 50 μmol/L and a prothrombin time ratio (PTR) < 50% on postoperative day (POD) 5. Those criteria predict nearly 100% of morbidity and 50% of mortality after cases of liver resection. The criteria were mainly based on the results of major hepatectomies that involved resection of more than three segments. On the other hand, some centers, especially in Asia, have placed a greater level of importance on minor hepatectomies in order to preserve the remnant liver volume in cases of poor liver function reserve. Examples include subsegmentectomy for hepatocellular carcinoma (HCC) and partial hepatectomy for metastatic liver cancers.
Surgeons have reported decreased peripheral platelet counts after liver surgery (McCaughan et al. 1992; Kaneko et al. 2005) . However, the implications of this phenomenon have been documented only recently (Alkozai et al. 2010; Lesurtel et al. 2014; Starlinger et al. 2014) . Starlinger et al. (2014) demonstrated that reduced intra-platelet serotonin levels together with decreased platelet counts are associated with an increased morbidity and liver dysfunction after hepatectomy. Alkozai et al. (2010) reported that immediate postoperative platelet counts below 100 × 10 3 /μL were associated with delayed liver function recovery after hepatectomy. These studies focused on platelets as a promoter of liver regeneration. Accordingly, a decrease in platelet counts was identified as a delay in postoperative liver function recovery. However, in the study by Alkozai et al. (2010) , hepatectomy was only performed on patients with colorectal metastatic liver tumors who did not have preexisting liver diseases. It is difficult to use their indicators in patients with complicated backgrounds such as liver cirrhosis, a condition in which preoperative platelet counts can be below 100 × 10 3 /μL. Therefore, it is desirable to find an indicator that can predict postoperative liver failure and morbidity in patients with a variety of backgrounds.
In this clinical study, we assessed the relationship between decreases in platelet count and post-hepatectomy outcomes. The primary outcomes included postoperative delayed liver function recovery and morbidity. We classified patients as having either a low or a high postoperative lowest platelet percentage (postoperative platelet count/preoperative platelet count) using the optimal cutoff value calculated using a receiver operating characteristic (ROC) curve analysis. In addition, postoperative serum parameters were compared between the two groups.
Materials and Methods

Study population
A total of 293 consecutive hepatectomies without biliary reconstruction were performed at the Department of Surgery in the University of Tsukuba between June 2006 and March 2014. Two patients received platelet transfusions after hepatectomy and were excluded from the analysis. A total of 63 patients, including the above-mentioned one patient who received a platelet transfusion, were excluded because postoperative laboratory data were not fully documented. Furthermore, 13 patients who received fresh frozen plasma (FFP) perioperatively were excluded because FFP use could complicate postoperative outcomes in our study. Thus, the final study population consisted of 216 patients. Patient characteristics are presented in Table 1 . Informed consent was obtained from all individual participants included in the study. The study was reviewed and approved by the University of Tsukuba Institutional Review Board.
Outcome parameters and laboratory variables
CT scans are not routinely performed after hepatectomy at our institution. Thus, delayed liver function recovery was used as a surrogate marker for poor liver regeneration. We defined a delayed liver function recovery according to the definition of post-hepatectomy liver failure by the International Study Group of Liver Surgery (ISGLS), characterized by an increased international normalized ratio (decreased PTR) and concomitant hyperbilirubinemia on or after POD 5 (Rahbari et al. 2011a) .
Postoperative morbidity was defined as a complication of grade II or higher using the Clavien-Dindo classification system (Clavien et al. 2009 ). In our study, only one patient died within the 30-day observation period after surgery. Postoperative mortality was not used as a primary outcome because of the small number of cases.
We classified patients as having either a low or a high postoperative lowest platelet percentage using the cutoff value calculated by ROC curve analysis. We analyzed risk factors for postoperative delayed liver function recovery and morbidity. Furthermore, postoperative serum parameters were compared between the two groups. The analyzed postoperative laboratory variables included PTR, serum Bil, and albumin (Alb). Laboratory data were obtained on POD 1, POD 3, between POD 4 and 7, between POD 8 and 14, between POD 15 and 21, and between POD 22 and 30.
Statistical analysis
Results are presented as numbers and percentages, and groups were compared using the chi-squared test or Fisher's exact test. Continuous variables are expressed as the median, minimum, and maximum and were compared using t-tests. Pearson's correlations, univariate and multivariate logistic regression analyses, and ROC analyses were performed using SPSS 21.0 (SPSS Inc., Chicago, IL). The predictive ability was considered poor if an area under the receiver operating characteristic (AUROC) curve was < 0.7. All variables that had P < 0.05 in the univariate analysis were included in the 
Results
Postoperative platelet variables
Of the 216 patients, 31 (14.4%) were deemed to have a delayed liver function recovery, while 185 were considered to have an adequate liver function recovery. A total of 58 patients (26.9%) experienced morbidity, while 158 patients recovered without morbidity. Postoperative platelet percentages are presented in Fig. 1a , b. Platelet percentages for both liver function recovery groups reached a minimum on POD 3 (P = 0.22). Platelet percentage returned to preoperative levels significantly faster in the adequate recovery group than in the delayed group (POD 6 vs. POD 11, P < 0.01) (Fig. 1a) . Platelet percentages in both postoperative morbidity groups reached a minimum on POD 3 (P = 0.26). Platelet percentage returned to preoperative levels significantly faster in the group without morbidity than in the group suffering morbidity (POD 6 vs. POD 8, P < 0.01) (Fig. 1b) . There was no difference in postoperative platelet percentage between patients with and without liver cirrhosis (Fig. 1c) . Furthermore, postoperative platelet percentage was independent of the underlying primary disease (Fig.  1d) .
Prediction of postoperative complications
An independent t-test showed that the lowest postoperative platelet count (× 10 3 /μl), lowest postoperative platelet percentage (%), intraoperative blood loss (ml), and preoperative serum Alb (mg/dl), and total Pringle maneuver time (min) were significantly correlated with delayed liver function recovery and postoperative morbidity. The AUROCs are shown in Table 2 . Only the lowest postoperative platelet percentage had an AUROC > 0.7 in both the delayed liver function recovery and the postoperative morbidity groups. The AUROCs for this parameter were higher when compared with the other four factors. The calculated cutoff value for the lowest platelet percentage was 60% with a sensitivity of 67.7% and a specificity of 78.9% for the prediction of delayed liver function recovery (Fig. 2a) .
The sensitivity was 53.4% and specificity was 81.6% for the prediction of postoperative morbidity (Fig. 2b) .
Univariate and multivariate analyses of risk factors for delayed liver function recovery and postoperative morbidity
We performed univariate and multivariate analyses to examine the possible relationship between a low platelet percentage and a delayed liver function recovery or postoperative morbidity. A univariate analysis revealed that six variables, blood loss, operation time, total Pringle maneuver time, red blood cell (RBC) transfusion, preoperative serum Alb < 3.5 mg/dl, and lowest platelet percentage ≤ 60%, were risk factors for delayed liver function recovery (Table 3 ). Blood loss showed significant correlation with operation time (R = 0.56) and RBC transfusion (R = 0.48) as calculated by Pearson's correlation analysis. Four variables, namely blood loss, total Pringle maneuver time, preoperative serum Alb < 3.5 mg/dl, and platelet percentage ≤ 60%, were used for a multivariate analysis. Postoperative platelet percentage ≤ 60% (the odds ratio (OR) 6.85; 95% confidence interval (CI) 2.82-16.70; P < 0.01) and blood loss (OR, 1.00; 95% CI, 1.00-1.01; P = 0.04) were found to be independent risk factors for delayed liver function recovery (Table 4) . A univariate analysis revealed that eight variables, namely, age > 60, removed liver segments, blood loss, operation time, total Pringle maneuver time, RBC transfusion, preoperative serum Alb < 3.5 mg/dl, and platelet percentage ≤ 60%, were risk factors for postoperative morbidity (Table 3) . Because blood loss showed a significant correlation with operation time and RBC transfusion, six variables (age > 60, removed liver segments, blood loss, total Pringle maneuver time, preoperative serum Alb < 3.5 mg/dl, and platelet percentage ≤ 60%) were used for a multivariate analysis. Age > 60 (OR, 3.98; 95% CI, 1.60-9.88; P < 0.01), Postoperative platelet percentage ≤ 60% (OR, 4.90; 95% CI, 2.29-10.50; P < 0.01), and blood loss (OR, 1.01; 95% CI, 1.00-1.02; P = 0.01) were found to be independent risk factors for postoperative morbidity (Table 4) . Notably, preoperative platelet counts were not associated with either delayed liver function recovery or postoperative morbidity. Furthermore, there was no correlation with the POD in which platelet counts reached a minimum value.
Postoperative laboratory variables between low and high platelet percentage groups
Based on a cutoff value of 60% obtained from analysis of ROC curves, patients were stratified into two groups: high platelet percentage (156 patients) and low platelet percentage (60 patients). Postoperative variables for both groups were evaluated (Fig. 3) . Peak level of serum Bil was significantly higher in the low platelet percentage group than in the high platelet percentage group. Patients in the low group had prolonged liver dysfunction, as indicated by a significantly lower PTR almost until POD 21. Furthermore, serum Alb was significantly decreased in the low group on POD 30. Until September 2008, the majority of patients received purified Alb preparations within a few days following hepatectomy. However, the half-life of these preparations is nine to ten days under invasive conditions such as surgery (Spiess et al. 1996) , and their administration had no influence on serum Alb on POD 30. These data also suggest that a postoperative platelet percentage of ≤ 60% is associated with liver dysfunction immediately after hepatectomy.
Discussion
Surgeons frequently observe a decrease in peripheral platelet counts after hepatectomy (Kaneko et al. 2005; Okano et al. 2010 ). This phenomenon is more pronounced after a major hepatectomy, but it usually resolves within the first week after surgery (Kaneko et al. 2005) . Several factors are thought to underlie this process, including sequestration of platelets in the remnant liver, impaired production of thrombopoietin due to reduction in hepatocyte volume, increased consumption of circulating platelets due to intrahepatic and splenic congestion, hypersplenism, and hemodilution (Chatzipetrou et al. 1999; Kaneko et al. 2005; Okano et al. 2010) . In recent years, experimental studies have demonstrated that platelets play an important role in promoting liver regeneration after hepatectomy. Plateletderived serotonin was demonstrated to be involved in initiating liver regeneration (Lesurtel et al. 2006) . It was also determined that platelets accumulate in the liver immediately after hepatectomy (Matsuo et al. 2011) , and promote liver regeneration by interactions with parenchymal cells and non-parenchymal cells (Murata et al. 2007; Kawasaki et al. 2010; Takahashi et al. 2013 ). In our study, a postoperative platelet percentage of ≤ 60% after hepatectomy was associated with delayed liver function recovery and postoperative morbidity. Although platelet counts reached a minimum on POD 3 for patients in both the delayed and adequate liver function recovery groups, platelet counts returned to preoperative levels significantly earlier in the adequate liver function recovery group than in the delayed liver function recovery group. Based on these results, we consider that although platelets accumulated in the liver early after hepatectomy, more platelets were consumed to promote liver regeneration in the delayed liver function recovery group, thus resulting in delayed restoration of peripheral platelet counts. This hypothesis is supported by the work of Takahashi et al. (2013) showing that inhibition of platelet accumulation in the liver by Kupffer cell depletion attenuated decreases in peripheral platelet counts and impaired liver regeneration within 96 hours after hepatectomy.
Improvements in liver surgery have increased the ability to resect larger parenchymal volumes and leave smaller liver remnants (Belghiti et al. 2000; Golse et al. 2013) . It is now possible to perform hepatectomies in patients with underlying liver dysfunction, as in liver cirrhosis, severe steatosis, or chemotherapy-related liver lesions (Belghiti et al. 2000; Golse et al. 2013 ). These conditions can impair postoperative liver regeneration and increase the likelihood of postoperative liver failure. The Child-Pugh score, which accurately evaluates preoperative liver function, is likely to be biased and is usually inappropriate for postoperative use (Nagashima et al. 2005) . The 50-50 criteria were developed to evaluate postoperative liver failure (Balzan et al. 2005 ). These criteria include two components of the ChildPugh score that are unlikely to be biased, namely PTR < 50% and Bil levels of > 50 μmol/L (3 mg/dl). Previous studies determined that the 50-50 criteria from POD 5 provided an accurate and early indicator of postoperative liver failure, predicting nearly 100% of morbidity and 50% of mortality after liver resection (Balzan et al. 2005) . Considering the lack of a standardized definition of posthepatectomy liver failure, the ISGLS recently proposed to define posthepatectomy liver failure, characterized by an increased INR (decreased PT) and concomitant hyperbilirubinemia on or after POD 5, together with a grading system of severity considering the impact on patients` clinical management (Rahbari et al. 2011a) . It was reported that the sensitivity and specificity of the ISGLS definition for detection of overall mortality were 65% and 91%, respectively (Rahbari et al. 2011b ). On the other hand, liver regeneration early after hepatectomy is largely mediated by hepatocyte mitosis (Michalopoulos and DeFrances 1997) . Greater than 95% of quiescent hepatocytes enter the cell cycle, with DNA synthesis peaking at 24 hours and mitosis peaking at 48 hours after hepatectomy (Michalopoulos and DeFrances 1997; Garcea and Maddern 2009) . Therefore, it is essential to find the earliest possible indicator of liver failure after hepatectomy in order to establish effective interventions for promoting liver regeneration and avoiding liver failure. In the present study, a postoperative lowest platelet percentage of ≤ 60% was a strong and independent risk factor for delayed liver function recovery and postoperative morbidity. Postoperative platelet counts and percentages reached a Table 4 . Multivariate analysis for delayed liver function recovery and postoperative morbidity.
OR, odds ratio; CI, confidence interval; Alb, albumin. *Platelet percentage = Postoperative count/preoperative platelet count. minimum on POD 3, a time when the majority of hepatocytes are undergoing active mitosis. Based on this indicator, effective hepatocyte-targeted treatments such as prostaglandin (Togo et al. 2008) , cytokine therapy (Zhang et al. 2016) and HGF gene therapy (Xue et al. 2003 ) could potentially be used during the optimal period for liver regeneration. Furthermore, our results suggest that maintaining platelet counts above 61% with platelet transfusion, thrombopoietin, or thrombopoietin-receptor agonist administration may prevent delayed liver function recovery and postoperative complications. This hypothesis is supported by a report from Kim et al. (2010) showing that platelet transfusion volume after liver transplantation from living related donors was positively correlated with graft regeneration. However, there are several critical obstacles that need to be overcome before exploiting platelets in clinical practice, including the production of anti-platelet antibodies following platelet transfusion (Howard and Perkins 1978) , the production of anti-thrombopoietin antibodies after thrombopoietin administration (Wormann 2013) , and the severalday delay between thrombopoietin-receptor agonist administration and increases in platelet counts (Schipperus and Fijnheer 2011) . Further research is necessary to determine the optimal treatment methods and time intervals for increasing postoperative platelet counts. Our study has several limitations. First, the retrospective study used a small patient population, conducted in a single center. Furthermore, we cannot ignore the heterogeneity of the patient backgrounds in terms of the type of tumor and the volume of liver removed. Second, we failed to determine if the low platelet count was the cause of poor outcomes or a result of the worse postoperative liver function. At this moment, we advocate that postoperative platelet percentage of ≤ 60% is an independent predictor of the delayed liver function recovery and postoperative morbidity. Third, the sensitivity of our indicator for detecting postoperative morbidity is low (53%). However, the specificity is relatively high (82%). Based on the lack of other indicators that can be applied as quickly as our criterion of a low platelet percentage, we believe that our finding can serve as the earliest marker for delayed liver function recovery and postoperative morbidity.
Conclusion
We demonstrated that a postoperative platelet percentage of ≤ 60%, or a greater than 40% decrease in platelets, after hepatectomy was associated with delayed liver function recovery and postoperative morbidity. These results are in accordance with experimental data showing that platelets play an important role in liver regeneration. Because platelet counts reached a minimum on POD 3, we suggest that a decrease of greater than 40% in postoperative platelet count is a potential early marker for delayed liver function recovery and morbidity after partial hepatectomy.
